Introduction
The phage shock protein (Psp) system is a widely distributed bacterial stress response system that is induced under conditions that impair the integrity of the cytoplasmic membrane. This system has been originally discovered and most extensively studied in the Gram-negative bacteria Escherichia coli and Yersinia enterocolitica (Darwin, 2005; Joly et al., 2010) . In these microorganisms, the Psp system is encoded either by six genes (pspF and pspABCDE in E. coli) or eight genes (pspABCDycjXF, pspF and pspG in Y. enterocolitica) respectively, whereby the proteins PspA, PspB, PspC, and PspF are thought to constitute the core components of the Psp response (Joly et al., 2010) . PspF is a cytoplasmic protein, which acts as an activator of the r 54 -dependent transcription of the pspABCDE operon. Under non-inducing conditions, the transcription activation domain of PspF is blocked by PspA, thereby preventing transcription of the pspABCDE operon (Dworkin et al., 2000; Elderkin et al., 2002) . At least in some cases, the signal for activation seems to be sensed by the proteins PspB and PspC, which both are short transmembrane proteins that contain putative leucine zipper motifs and transduce the inducing signal to the PspA-PspF complex, causing the release of PspF for activation of psp transcription Gueguen et al., 2011; Flores-Kim and Darwin, 2015) . At least in E. coli, PspA is, besides its regulatory function, also the major effector protein of the Psp response. Under inducing stress conditions that threaten the energy status of the cell, PspA counteracts proton leakage and thereby helps to maintain the proton-motive force across the cytoplasmic membrane (Kleerebezem et al., 1996; Kobayashi et al., 2007; Thurotte et al., 2017) .
In the Gram-positive bacterium Bacillus subtilis, a PspA homologue (LiaH) exists whose expression is also induced by conditions that impair cell envelope integrity (Mascher et al., 2003) . However, in contrast to the Accepted 13 September, 2017. *For correspondence. E-mail r.freudl@fz-juelich.de;
Tel. situation in E. coli, expression of liaH is regulated by a three-component system (LiaFSR). Here, the sensing of a stimulus by the histidine kinase (HK) LiaS results in its autophosphorylation at a histidine residue located in the cytoplasmic carboxyl-terminal domain. Subsequently, the phosphate group is transferred to the cognate response regulator (RR) LiaR, thereby altering its affinity to the target promoter regions and activating transcription of its target genes (Gao and Stock, 2009; Schrecke et al., 2013) . Together with the membrane-anchored negative regulator LiaF (Jordan et al., 2006) , LiaSR belongs to a family of conserved cell envelope stress sensor systems that are present in most Firmicutes bacteria (i.e., Gram-positive bacteria with low GC content) (Jordan et al., 2006; Mascher, 2006; Jordan et al., 2008) .
Although the sensing system in the LiaFSR systems itself is conserved, the sensed stress signals and the regulated output can differ significantly between different organisms. All LiaFSR-like systems analyzed so far are induced by inhibitors that interfere with the lipid II cycle (M€ unch and Sahl, 2015) , such as bacitracin, nisin, or vancomycin (Mascher et al., 2004; Yin et al., 2006; Suntharalingam et al., 2009; Eldholm et al., 2010; Nielsen et al., 2012) . In addition, the B. subtilis LiaFSRdependent response is also induced, for example, by organic solvents, detergents, secretion stress and alkaline shock (Jordan et al., 2008) , whereas the Staphylococcus aureus VraRS-YvqF system responds to additional antibiotics that target the cell envelope such as teicoplanin or b-lactams, but not to general stresses such as alkaline shock (Kuroda et al., 2003; Yin et al., 2006) . Two basic groups of LiaFSR three-component systems have been defined depending on the genomic context of the corresponding involved gene loci (Jordan et al., 2006; Mascher, 2006; Jordan et al., 2008) . The LiaFSR systems of group I, as exemplified by LiaFSR of B. subtilis, exclusively regulate the expression of their own gene loci (i.e., the liaIH-(G)FSR locus). Due to this fact, the increase of the amounts of the PspA homologue LiaH and its membrane anchor LiaI is the sole ultimate output reaction in response to cell envelope threatening conditions. In contrast, LiaFSR systems of group II, as exemplified by the VraRS-YvqF system of S. aureus, regulate significantly larger and more diverse regulons, that also include genes (such as murZ, pbp2, sgtB or tagA) that code for proteins which are involved in cell envelope biogenesis (Jordan et al., 2008) .
Corynebacterium glutamicum is a Gram-positive, nonpathogenic soil Actinobacterium that belongs to the order Corynebacteriales (Gao and Gupta, 2012) . Compared to other Gram-positive bacteria, members of Corynebacteriales possess a unique type of cell envelope that is characterized by the presence of an additional mycolic acid-containing membrane structure close to the cell surface (Zuber et al., 2008) . So far, hardly anything is known how C. glutamicum responds to cell envelope stress conditions and whether a phage shock-like response exists in this microorganism. Thirteen twocomponent systems can be identified in the genome of C. glutamicum (Kocan et al., 2006; Bott and Brocker, 2012) . For eight of these regulatory systems, no physiological functions have been assigned yet. Interestingly, in one of these two-component systems (CgtSR7), the corresponding sensor kinase (CgtS7) possesses a domain at its amino-terminal end that is designated as PspC domain in the PFAM database (Bott and Brocker, 2012; Finn et al., 2016) . Such a property sets this twocomponent system strikingly apart from all other bacterial two-component systems characterized so far. PspC has been implicated in the sensing of the signal(s) that trigger the prototype phage shock responses of, e.g., E. coli (Adams et al., 2003; Jovanovic et al., 2010) and Yersinia enterocolitica (Gueguen et al., 2011; Flores-Kim and Darwin, 2015) . The occurrence of a PspC domain in the sensor kinase CgtS7 might therefore suggest an involvement of the CgtSR7 system of C. glutamicum in a stress response that is induced by conditions that impair the integrity of the cell envelope.
In the present manuscript, we demonstrate that the two-component system CgtSR7 is indeed involved in the regulation of a cell envelope stress response in C. glutamicum. Based on these findings, we renamed the system and its components to EsrSR (from: envelope stress response). An additional integral membrane protein (EsrI), whose gene is divergently transcribed to the esrSR locus and which, like EsrS, interestingly also possesses a PspC domain, was found to act as an inhibitor of EsrSR under non-stressed conditions. Comparable to type II LiaFSR systems of the Firmicutes, the resulting EsrISR three-component system orchestrates a broad and diverse cellular response under conditions that threaten the integrity of the C. glutamicum cell envelope. Since similar esrI-esrSR gene loci that encode PspC domain-containing EsrI-and EsrS-like proteins can be found in a large number of actinobacterial genomes, the EsrISR system represents the prototype of a novel class of cell envelope stress responsive systems that is widespread in this class of microorganisms.
Results

Identification of EsrR-responsive genes
The two-component system EsrSR (previously CgtSR7) is one of the eight two-component systems of C. glutamicum for which no function has been assigned so far (Bott and Brocker, 2012) . However, the occurrence of a PspC domain in the amino-terminal part of the EsrS sensor kinase (Fig. 1A) , a striking feature that sets this two-component system apart from all other twocomponent systems characterized so far in any microorganism, making EsrSR a prime candidate system for sensing membrane/cell wall threatening conditions and for the subsequent triggering of a respective cell envelope stress response. Interestingly, a recent survey of published actinobacterial genomes has shown that EsrSR-type two-component systems and their genomic organization are highly conserved in 71 of the 119 species analyzed, showing that the use of a novel stresssensing mechanism involving a PspC domain-containing sensor kinase is fairly widespread in this class of microorganisms (Huang et al., 2015) .
To gain first insights into the regulon of the EsrSR system, we overproduced the response regulator EsrR from vector pEKEx3-EsrR in an esrSR deletion strain and compared the resulting transcriptome in microarray experiments with the transcriptome of a C. glutamicum wild-type strain containing the empty pEKEx3 vector (for a detailed description of the bacterial strains and plasmids used in this study, see Table 1 ). Previously, it has been shown that overproduction of response regulators in the absence of their cognate sensor kinases results in an altered expression of their target genes and eliminates the need for a physiological signal input (Ogura et al., 2001) . Altogether, 27 genes showed a significant (p 0.05) more than twofold change in mRNA levels in three biologically independent replicate experiments upon overproduction of EsrR (Table 2 ). According to an RNAseq analysis of C. glutamicum transcriptomes (Pfeifer-Sancar et al., 2013) , the 27 upregulated genes are organized in 16 transcriptional units. The majority of the respective genes code for proteins whose function is either completely unknown (annotated as 'hypothetical proteins') or for proteins whose putative functions are so far suggested solely on the base of sequence similarities to other proteins in the protein databases.
The genes for the two-component system EsrSR (cg0707: esrS; cg0709: esrR) are predicted to form an A. Predicted topologies of the PspC domain-containing proteins EsrI, EsrS and Cg1325 in the C. glutamicum cytoplasmic membrane. The positions of the PspC domains are marked by a dotted box. B. Genomic organization of the esrI/esrS-esrR-cg0710 locus. C. Nucleotide sequence of the intergenic region between esrI and esrS. The 210 regions of the two promoters (P1, P2) of the esrS-esrRcg0710 operon and the promoter of the esrI gene are indicated and the corresponding transcriptional start points are marked by a black dot (•). The two EsrR-binding sites on the (1) and (-) strand located in this region are marked by R (1) and R (-) respectively. *: Deviations from the consensus motif. 
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Dcg3322-cg3321-cg3320 Dcg2812-cg2811 Fig. 1A] ) showed strongly increased mRNA levels. The cg0706 (esrI) gene, encoding an inhibitor of the EsrSR twocomponent system under non-stressed conditions (see further below), is located directly upstream of esrS, but is transcribed in the opposite direction to the esrSRcg0710 locus (Fig. 1B) . The cg1325 gene encodes a small membrane protein that has been annotated as PspC domain-containing putative stress-responsive transcriptional regulator, however, the function of this protein is uncharacterized so far. In addition, also the gene for a PspA family protein (RsmP, cg3264) showed elevated mRNA levels upon EsrR overproduction. Whereas classical PspA proteins are known to form oligomeric ring structures and are proposed to play a role in maintaining cytoplasmic membrane and/ or proton motive force integrity (Joly et al., 2010) , it was recently shown that the RsmP protein in fact forms filamentous structures in vitro and that the function of this PspA family protein is that of an essential cytoskeletal element which is required for the maintenance of the rod-shaped morphology of C. glutamicum (Fiuza et al., 2010) . Besides rsmP, another gene (cg2151) that encodes a PspA family member protein (which potentially could fulfill a similar function as the 'classical' PspA proteins) can be identified in the genome of C. glutamicum. However, we found that the mRNA level of cg2151 was not affected upon EsrR overproduction in the microarray experiments, indicating that the output response of the EsrSR twocomponent system very likely does not result in the increased expression of a functional equivalent of the PspA proteins of e.g. E. coli (PspA) or B. subtilis (LiaH). Instead, increased mRNA levels in response to EsrR overproduction were found for two operons that encode predicted ABC-transporter subunits (cg2812-cg2811; cg3322-cg3321-cg3320) and for the gene encoding a single-strand DNA-binding protein (cg3307). In addition, overproduction of EsrR also resulted in increased mRNA levels of the dnaK-grpEdnaJ-hspR operon and of clpB, suggesting that the EsrSR regulon includes these well-known heat shock-responsive genes. However, since it is known that protein overproduction likewise can induce a heat shock-like response (Goff and Goldberg, 1985; Gill et al., 2000) , the increased expression of these heat shock genes might in fact at least partly be triggered by an increased protein folding stress within the cytoplasm upon high-level overexproduction of the EsrR response regulator, rather than by a EsrR-mediated transcription stimulation itself.
Identification of direct target genes of EsrR
To test which genes that showed an increased expression in the EsrR-overproducing strain are in fact direct target genes of the EsrR response regulator, electrophoretic mobility shift assays (EMSAs) were performed using purified EsrR and 21 promoter regions that are located upstream or within the relevant transcriptional units ( Table 2 ). All EMSAs were performed using EsrR that had been phosphorylated by preincubation with the low molecular weight phosphoryl donor acetylphosphate (Lukat et al., 1992) , since unphosphorylated EsrR did not interact with its target regions (for an example see cg1325 versus cg1325* in Fig. 2 ). As shown in Fig. 2 , EsrR was able to bind to the esrI-esrS intergenic region.
Since the promoter regions of esrI and esrSR-cg0710 both are located in the intergenic region between the two divergently transcribed gene loci (Fig. 1C) , expression not only of esrI, but also of the esrSR-cg0710 operon might be regulated by EsrR. In addition, EsrR bound to the promoter regions upstream of the genes cg1325, rsmP, cg2812 and cg3322 (the latter two genes both are the first gene in a transcriptional unit that encodes a putative ABC-transporter system). Furthermore, EsrR binding to the promoter regions upstream of the heat shock-responsive genes clpB and dnaK was observed (Fig. 2) . Likewise, EsrR also bound to the upstream sequence of the genes cg0451, cg0781, cg2444, cg2684 and cg3142, all coding for hypothetical proteins of unknown functions (Supporting Information Fig. S1 ). No significant binding of EsrR to the promoter regions of the genes cg0705 (Fig. 2) , cg1465, cg2331, cg3077, cg3143 and ssb (Supporting Information Fig.  S1 ) was observed, despite the fact that the respective genes showed an altered mRNA level upon EsrR overproduction in the microarray experiments described in the previous chapter. The latter finding indicates that, most likely, EsrR does not directly regulate the transcription of these respective genes but rather that indirect effects are responsible for the observed changes in the corresponding transcript levels. As expected, no EsrR binding to the negative control DNAs derived from the upstream regions of the genes cg0391 (Fig. 2) , betP (cg1016) and cg1018 (Supporting Information Fig. S1 ) was observed. Furthermore, in line with the results of the microarray experiments, no binding of EsrR to the upstream region of cg2151, encoding a PspA domain-containing 
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Gene loci are ordered with respect to increasing cg numbers. Significant (p 0.05) more than twofold changes in the average mRNA ratios in the DNA microarray experiments are indicated in bold numbers. Average mRNA ratios with p > 0.05 are marked by an asterisk. All microarray data were from three independent biological samples.
a.
Single genes and the first gene of predicted transcriptional units (i.e., operons, sub-operons; Pfeifer-Sancar et al., 2013) are underlined.
b.
Deviations from the EsrR binding consensus motif are underlined.
c. Binding (1) or no binding (-) of EsrR to the upstream region of the respective genes in EMSA experiments.
d.
Average mRNA ratio C. glutamicum DesrSR overproducing EsrR/C. glutamicum wild-type.
e.
Average mRNA ratio C. glutamicum DesrI/C. glutamicum wild-type.
f.
Average mRNA ratio C. glutamicum wild-type grown in the presence of a sub-lethal concentration of bacitracin/C. glutamicum wild-type grown without added bacitracin.
g.
Increased esrR transcript level is due to plasmid-based EsrR overproduction in the esrSR deletion strain.
n.a., not applicable due to the esrSR deletion in the EsrR overproducing strain; IGR, intergenic region between the divergently transcribed esrI and esrS-esrR-cg0710 gene loci.
C. glutamicum cell envelope stress response 725 protein, could be observed (Fig. 2) . Therefore, despite the presence of a PspC domain in the EsrS sensor kinase, the EsrSR system does not trigger a phage shock response whose ultimate output is the upregulation of a 'classical' PspA protein, but rather affects the expression of a more extensive and diverse set of target genes.
Identification of the EsrR binding site
Next, the upstream regions of all direct EsrR target genes that showed EsrR-mediated mobility shifts in the EMSA assays were analyzed in silico for the presence of a putative EsrR binding motif by using the MEME software (http://meme-suite.org). This analysis revealed the presence of a 16 bp motif consisting of an imperfect inverted repeat sequence of 6 bp separated by a 4 bp linker (consensus sequence: TCAGGG-AWKW-CCCYKA; W: A,T; K: T,C,G; Y: C,T; Fig. 3C ) in the respective DNA regions as candidates for EsrR binding. To address this in silico finding experimentally, EMSA experiments using purified EsrR and a 28 bp dsDNAfragment that contains one of the two putative EsrR binding sites located in the intergenic region between cg0706 (esrI) and the esrSR-cg0710 operon (Fig. 3A) were performed. In fact, a complete mobility shift of the respective 28 bp DNA fragment was observed already at a 25-fold molar excess of the phosphorylated EsrR protein (Fig. 3B) . Subsequently, various mutant derivatives of the respective 28 bp DNA fragment that contained alterations either within the motif or within the flanking nucleotides (mut1 -mut9; Fig. 3A) were tested for EsrR binding in EMSA experiments. Whereas three base pair alterations within the flanking regions (mut1, Fig. 2 . Identification of direct target genes of EsrR by electromobility shift assays. DNA fragments (377-382 bp in length) covering the promoter region of the putative EsrR target genes indicated above the respective experiments were incubated without or with a 25, 50, 75 and 100 molar excess of phosphorylated purified EsrR protein as indicated below the respective lanes. After incubation, the samples were run on a 10% non-denaturating polyacrylamide gel which was subsequently stained with ethidiumbromide. No DNA binding was observed without previous phosphorylation of EsrR with acetylphosphate (cg1325*). The upstream region of the unrelated gene cg0391 was used as a negative control. For the entire data set, see Supporting Information Fig. S1 . mut2, mut8) did not affect EsrR binding, the mutations of three base pairs affecting the inverted repeat sequence of the motif (mut3, mut4, mut6, mut7) completely abolished EsrR binding in the EMSA experiments. In contrast, deletion of two nucleotides (mut9) or altering four nucleotides (mut5) in the central, lessconserved linker part of the motif reduced, but not completely abolished EsrR binding to the motif. Taken together, our results clearly show that the predicted DNA motif (Fig. 3C ) is in fact involved in the binding of EsrR to its target genes in C. glutamicum.
Transcription of the genes encoding the EsrISR threecomponent system and its direct target genes is induced by the cell wall-active antibiotics bacitracin and vancomycin Since all LiaFSR-type systems of Firmicutes respond to cell wall-active antibiotics, we tested whether the C. glutamicum EsrSR two-component system and its target genes can likewise be induced by antibiotics that impair the integrity of the cell envelope. To allow an easy monitoring of the induction status of the Esr regulon, a transcriptional fusion of the promoter region of the EsrR-regulated target gene esrI (cg0706) and the E. coli lacZ gene was constructed and inserted into the chromosome of C. glutamicum ATCC13032. In a first pilot assay, disk diffusion assays were performed to test a variety of antibiotics and detergents for their ability to induce b-galactosidase expression in the corresponding reporter strain C. glutamicum::PesrI-lacZ (shown in Supporting Information Fig. S2 ). In this assay, bacitracin and vancomycin led to a blue ring at the edge of the zone of growth inhibition, indicating that the presence of these antibiotics at sublethal concentrations results in a strong induction of the esrI gene expression. The other antibiotics tested triggered either a significantly weaker response (i.e., faint blue rings in the case of nisin, polymyxin B, or ampicillin) or no response at all (chloramphenicol, streptomycin and ethambutol). Furthermore, a weak induction of esrI gene expression, as indicated by faint blue rings at the edges of the zone of growth inhibition, was observed when the detergents SDS, Triton X100 and Tween 40 that interfere with the integrity of the cytoplasmic membrane were analyzed in the disk diffusion assay. Together, these first prescreening results suggested that the Esr regulon might in fact be induced under conditions that threaten the integrity of the cell envelope.
Subsequently, more quantitative experiments were performed by measuring b-galactosidase activity 30 min after the addition of the antibiotics and detergents mentioned before to cells growing in liquid medium. Under these conditions, the substances tested in the prescreening disk assay that resulted in faint blue rings or in no colored rings at all, did not significantly increase b-galactosidase expression in the C. glutamicum::PesrI-lacZ reporter strain (data not shown). In contrast however, the lipid II cycle-interfering antibiotics bacitracin and vancomycin that both produced blue rings in the disk assay triggered a significant increase of b-galactosidase expression in the C. glutamicum::PesrI-lacZ strain also in liquid medium. Compared to the control culture without antibiotics, the b-galactosidase activity of the PesrI-lacZ strain was increased about sixfold in response to bacitracin and fourfold in response to vancomycin respectively (Fig. 4, panel  1) . Similar results were observed with two additional reporter strains containing lacZ fused to the EsrR target promoter regions upstream of the esrSR-cg0710 locus (C. glutamicum::P esrS -lacZ) or cg1325 (C. glutamicum::P cg1325 -lacZ) respectively. In both reporter strains, an about threefold increase of b-galactosidase activity was observed after bacitracin or vancomycin addition (Fig. 4 , panels 2 and 3). Notably, the finding that, besides the P cg1325 -lacZ fusion, also the P esrI -lacZ and the P esrSlacZ fusions in the chromosome of the respective reporter strains showed increased b-galactosidase activity upon induction with bacitracin or vancomycin clearly shows that expression of the components of the EsrISR system itself is positively autoregulated. Next, we transferred each of the three EsrR target promoter (i.e., P esrI , P esrS or P cg1325 )-lacZ fusions into the chromosome of a C. glutamicum DesrSR mutant strain and measured b-galactosidase activity after the addition of bacitracin or vancomycin respectively. In the esrSR deletion mutant, none of these three promoter regions led to increased b-galactosidase activity in the presence of bacitracin or vancomycin when compared to the untreated controls (Fig. 4 , panels 7-9), confirming that induction of the lacZ reporter fusions is EsrSR-dependent.
EsrI acts as an inhibitor of the EsrSR two-component system in the absence of an inducing stimulus
In the Firmicutes, LiaFSR-type systems consist of the LiaSR two-component system and, in addition, of a negative regulator (LiaF) that inhibits the activity of LiaSR in the absence of an inducing signal (Jordan et al., 2008) . In these microorganisms, the gene for the negative regulator is transcribed from the same promoter as the genes that code for the two-component system. In C. glutamicum, the esrSR genes are localized in a transcriptional unit that additionally contains a gene (cg0710) that codes for a non-conserved, small predicted membrane protein. Strikingly however, upstream of esrS, a gene (cg0706) that is conserved in various actinobacterial species can be found that is divergently transcribed to the esrSR-cg0710 locus (Fig. 1B) and, as described above, this gene was found to be one of the direct target genes that are regulated by EsrR (Table 2) . Notably, cg0706 encodes a predicted membrane protein that, like the EsrS sensor kinase, also possesses an amino-terminal PspC domain (Fig. 1A) , suggesting that Cg0706 might somehow be functionally connected with the EsrSR two-component system. To gain first insights into the function of Cg0706, an in frame deletion mutant (C. glutamicum Dcg0706) was constructed and its transcriptome was compared in microarray experiments to the transcriptome of the C. glutamicum ATCC13032 wild-type strain. Strikingly, all genes that were upregulated at least two-fold in the absence of Cg0706 have been found previously also been upregulated in the microarray experiments in which the response regulator EsrR was overproduced in an esrSR deletion mutant (Table 2 ). This suggests that Cg0706 acts as negative regulator of the EsrSR two component system and that EsrSR becomes activated even in the absence of a stimulus when the Cg0706 protein is missing. Interestingly, one gene (cg2402, nlpC) showed a significant more than two-fold downregulation in the esrI deletion mutant. Since an EsrR binding site can be found upstream of the nlpC gene (Table 2 ) and binding of EsrR to the nlpC upstream region could be demonstrated (Fig.  2) , these results suggest that EsrR might not only be able to act as an activator of gene expression, but also as a repressor. To analyze the inhibitory effect of Cg0706 in more detail, each of the three promoter (P esrI , P esrS , P cg1325 )-lacZ reporter fusions described above were integrated into the genome of the C. glutamicum Dcg0706 deletion mutant and b-galactosidase activities were measured in the presence or absence of bacitracin and vancomycin respectively. As shown in Fig. 4 , when compared to the fusions in the wild-type strain, all three promoter-lacZ fusions in the Dcg0706 mutant were found to be highly activated even in the absence of antibiotics (compare gray bars in panels 1-3 with the gray bars in panels 4-6) and the b-galactosidase activities did not further increase when bacitracin (red bars, panels 4-6) or vancomycin (green bars, panels 4-6) were added to the cells. Together, these results clearly indicate that Cg0706 acts as a negative regulator of the EsrSR two-component system under non-stressed conditions and that EsrSR becomes fully active in the absence of Cg0706. Due to these findings, we renamed the protein encoded by cg0706 to EsrI (EsrSR inhibitor).
EsrSR mediates bacitracin resistance via increased expression of genes encoding an ABC transport system For S. aureus VraSR (Kuroda et al., 2003) , Lactococcus lactis CesSR (Martinez et al., 2007) and B. subtilis LiaFSR (Radeck et al., 2016) , it was previously shown that these regulatory systems are required for resistance of the corresponding cells towards at least some of the inducing antibiotics. We therefore tested whether the same is true also for the C. glutamicum EsrSR system. C. glutamicum ATCC13032 wild-type and C. glutamicum DesrSR were grown in liquid medium and serial dilutions of the cultures were spotted on agar plates containing bacitracin or vancomycin respectively. In the case of vancomycin, no significant difference in the growth of C. glutamicum wild-type and the esrSR deletion mutant could be observed at various concentrations tested (shown in Supporting Information Fig. S3) . However, as shown in Fig. 5A , compared to the wild-type strain a clear growth defect of the esrSR deletion mutant could be observed at lower dilutions on agar plates containing 0.1 mg ml 21 bacitracin. Complementation of the esrSR deletion mutant by plasmid-encoded EsrSR restored growth to the wild-type level (Fig. 5B) . Together, these findings indicate that the presence of EsrSR is required for bacitracin resistance of C. glutamicum. In contrast to the esrSR deletion mutant, a DesrI mutant strain that possesses a constitutively activated EsrSR system showed even a slightly better growth in the presence of bacitracin compared to the wild-type strain (Fig. 5A ). When the esrI deletion mutant was complemented by plasmid-encoded EsrI, bacitracin resistance of the corresponding cells was somewhat reduced (Fig. 5B) . The latter finding is very likely caused by the plasmid-based overproduction of EsrI that seems to cause a partial inhibition of EsrSR despite the presence of the inducer bacitracin, a result that is fully in line with the proposed role of EsrI as a negative regulator of the EsrSR system. Among the identified EsrR target genes, two transcriptional units code for putative ABC transporter components. The operon containing the genes cg3322-cg3321-cg3320 encodes a putative membrane fusion protein (cg3322), an ATPase component (cg3321) and a permease component with four predicted transmembrane domains (cg3320). The second operon cg2812-cg2811 codes for a putative ATPase component (cg2812) and a permease component that has ten predicted transmembrane segments (cg2811). Interestingly, in Streptomyces coelicolor it has been shown that two ABC transport systems play an important and additive role in bacitracin resistance (Hesketh et al., 2011) . A. Nucleotide sequence of a 28 bp DNA fragment from the esrI -esrS intergenic region (R [-]; see Fig. 1 ) containing the inverted direct repeat sequence (shown in bold and underlined) that was predicted as the putative EsrR binding motif by the MEME software. To test the importance of the predicted DNA sequence motif for EsrR binding, different mutant variants (mut1 to mut9) of this 28 bp DNA fragment were generated. B. The unaltered and mutated 28 bp DNA fragments as indicated above the experiments were incubated without or with a 25, 50, 75 and 100 molar excess of phosphorylated purified EsrR protein. After incubation, the samples were run on a 10% non-denaturating polyacrylamide gel which was subsequently stained with ethidiumbromide. DNA fragments that did not show EsrR binding are highlighted in blue color. C. EsrR consensus binding motif predicted by the MEME software based on the analysis of the DNA regions located upstream of the verified EsrR target genes.
To find out whether the two EsrR-responsive ABC transporters of C. glutamicum are likewise involved in bacitracin resistance, we constructed in frame C. glutamicum deletion mutants lacking either cg3322-3320 or cg2812-2811. As shown in Fig. 5A , no difference in bacitracin resistance compared to the wild-type strain was observed for the cg2812-2811 deletion mutant. In contrast, deletion of cg3322-3320 resulted in a significantly reduced growth in the presence of bacitracin. Clearly, the ABC transport system encoded by cg3322-3320 participates in the bacitracin resistance of C. glutamicum.
Finally, we compared the transcriptomes of C. glutamicum wild-type grown in CGXII minimal medium in the presence or absence of sub-inhibitory concentrations of bacitracin by microarray experiments. As shown in Table  2 , all genes that show an at least two-fold alteration in mRNA level in response to bacitracin belong to EsrRregulated genes with the exception of two transcriptional units. The gene cg3395 codes for ProP, a proline-ectoine carrier (Peter et al., 1998) and the operon cg1465-1464 codes for a hypothetical membrane protein and a putative transcriptional regulator respectively. EMSA experiments using purified EsrR and the respective promoter regions showed no binding to the upstream region of proP (Fig. 2) whereas, despite the lack of a recognizable EsrR binding motif, a weak binding of EsrR to the promoter region upstream of cg1465 seems to occur (Supporting Information Fig. S1 ). Nevertheless, the significant overlap of the genes that showed an altered expression upon EsrR overproduction, EsrI deletion, and bacitracin treatment strongly supports the view that the EsrISR system senses problems in the cell envelope and subsequently triggers a response that affects a broad and diverse array of target genes.
Phylogenetic distribution of the EsrISR three-component system
To assess the phylogenetic distribution of the EsrISR three-component system, we have retrieved all proteins identified by Pfam that share their relevant domain architectures, as depicted in Fig. 1A . EsrI homologs should contain an N-terminal PspC domain and a C-terminal DUF2154 domain, while EsrS homologs should contain the defining domains of histidine kinases together with an N-terminal PspC domain. The proteins of the resulting dataset were then analyzed for the genomic organization of their corresponding genes and their phylogenetic distribution (see Experimental procedure for details). EsrI and EsrS homologs co-occur in all organisms, with the exception of incomplete genome assembly. All retrieved EsrI and EsrS homologs were found in Actinobacteria, but not all actinobacterial genomes encode these proteins. Importantly, no EsrI and EsrS homologs are found outside of this phylum, neither in Gram-negative bacteria nor in the low GC Gram-positive bacteria (Fig. 6A ). These observations demonstrate that EsrISR is a highly conserved three-component system that is widespread in, but also restricted to the phylum Actinobacteria.
The investigation of the genomic organization of EsrISR-encoding genes revealed that the most prominent structure, that is found in over 80% of all actinobacterial genomes, consists of two divergently transcribed operons, one containing esrS and esrR, while the other contains esrI and an additional small gene frequently partially overlapping with esrI (Fig. 6B) . The latter gene encodes a small membrane protein of unknown function. In about 15% of the cases, including C. glutamicum, this small gene is missing, while six esrISR loci contain an additional gene upstream of and putatively co-transcribed with esrS that encodes a putative serine/ threonine kinase (STK) (Fig. 6B ). This extended locus was exclusively identified in the genus Streptomyces, but not all streptomycete genomes harbor this antibiotics bacitracin and vancomycin. Transcriptional fusions between the promoter regions of esrS (P esrS ), esrI (P esrI ) and cg1325 (P cg1325 ) and the E. coli lacZ gene were integrated into the genome of C. glutamicum wild-type (panels 1-3), strain DesrI (panels 4-6) and strain DesrSR (panels 7-9) as indicated below the panels. b-galactosidase activity in the respective reporter strains was assayed 30 min after the addition of 1 mg ml 21 bacitracin (red bars) or 5 mg ml 21 vancomycin (green bars) to the respective cultures. The uninduced control cultures (grey bars) were treated in the same way, but no antibiotics were added. The results shown are derived from at least three different independent experiments and the standard deviations are indicated by error bars. The p-values given above the bars are related to the respective control promoter fusions in the wild-type strain without antibiotic treatment. arrangement (Fig. 6A) . In some exceptional cases, one or more complete coding sequences were located between ersS and esrI, but the divergent organization of both operon was always maintained. Together, these observations show that both the distribution and the operon structure of the EsrISR three-component system is very well conserved in the Actinobacteria.
Discussion
In a large number of Actinobacteria, genes encoding a new and unique type of two-component system of so far unknown function can be identified. The hallmark of these novel two-component systems that sets them apart from all other two-component systems is the presence of a PspC domain in the amino-terminal part of their histidine kinases, a feature that led to speculations that these two-component systems might orchestrate phage shock protein-like responses in the respective microorganisms (Huang et al., 2015) . In the present study, we have elucidated the physiological function of the corresponding two-component system EsrSR (previously named CgtSR7; Bott and Brocker, 2012) of C. glutamicum. Our data clearly show that, together with its negative regulator EsrI, the resulting EsrISR threecomponent system is involved in the regulation of a broad and diverse cellular response to conditions that threaten the integrity of the cell envelope.
In contrast to the situation found for LiaFSR-type cell envelope stress-responsive systems of the Firmicutes, the genes encoding the two-component system EsrSR and its inhibitor EsrI are not part of the same operon. Here, the esrI gene is divergently transcribed to the esrSR gene locus, a genomic context that is conserved in most of the actinobacterial species possessing an EsrSR-type two-component system. In the esrI -esrS intergenic region, two putative binding sites for EsrR can be identified (Fig. 1C) and, in fact, binding of purified EsrR to this intergenic region could be directly demonstrated by EMSA experiments. Together with our finding that a significant upregulation of esrI (42-fold) and the last gene (cg0710) in the esrSR-cg0710 operon (3.8-fold) is observed upon overproduction of the EsrR response regulator in an esrSR deletion background and that the P esrI -lacZ and P esrS -lacZ reporter fusions resulted in an increased b-galactosidase activity in the respective reporter strains upon bacitracin or vancomycin treatment, these combined results strongly suggest that both transcriptional units (i.e., esrI and the esrSRcg0710 operon), that together encode the EsrISR threecomponent system, are positively autoregulated.
In the phage shock protein (Psp) response system of Gram-negative bacteria, the integral membrane proteins PspB and/or PspC are considered as prime candidates for sensing a Psp-inducing signal and transducing it to the cytoplasm (Flores-Kim and . Due to the occurrence of PspC domains in both the EsrS histidine kinase and the EsrI inhibitor, it is therefore tempting to speculate that either one or both domains might likewise play an important role in the sensing and transduction of inducing signals by the EsrISR system. A possible, although so far completely hypothetical scenario (Fig. 7, upper part) could be that in the absence of an inducing signal EsrI and EsrS interact and that, by this interaction, the autokinase activity of EsrS (or, alternatively, the phosphotransfer from EsrS to EsrR) is A B esrI esrS esrR
inhibited (EsrSR system is in the 'off' state). In the presence of an inducing signal that is sensed by EsrI and/or EsrS, conformational changes within EsrI and/or EsrS would then result in a dissociation of EsrI from EsrS, thereby relieving the repression of the EsrS autokinase activity (or alternatively the repression of the phosphotransfer from EsrS to EsrR) and converting the EsrSR system to the 'on' state. Our results obtained with the EsrR-target promoter (i.e., P esrI , P esrS , P cg1325 )-lacZ reporter fusions clearly showed that in a DesrI strain the EsrSR system is in the 'on' state even in the absence of an inducing signal and, furthermore, that the expression of the reporter fusions did not further increase upon addition of bacitracin or vancomycin to the cells. In addition, the results from our microarray analyses showed that all genes that were upregulated at least two-fold in a DesrI deletion strain were also found upregulated upon overproduction of EsrR in a DesrSR strain. Together, these finding strongly support the view that the activity of the EsrSR system is controlled mainly (if not exclusively) by interactions between EsrI and EsrS, being fully in line with the model proposed above. Furthermore, in this respect the EsrISR system mechanistically closely resembles the LiaFSR-type systems of the Firmicutes that likewise use strong inhibitors (LiaF) to regulate the activity of the corresponding LiaSR twocomponent systems. Under inducing conditions, the EsrISR system directly regulates at least 14 transcriptional units that encode a diverse spectrum of proteins for most of which the function is unknown. Upstream of these regulated target genes, an EsrR binding motif can be identified which consists of an imperfect 6-4-6 inverted repeat sequence (TCAGGG-AWKW-CCCYKA). Although some of the EsrR binding sites possess up to 5 deviations from the consensus sequence (e.g., the site upstream of cg2684; see Table 2 ), binding of EsrR to all 14 respective upstream regions could be verified in EMSA experiments. Additional transcriptional units that are significantly upregulated upon EsrR overproduction or upon EsrI deletion are cg0705, encoding a hypothetical protein, and cg2332-cg2331-cg2330, encoding a conserved hypothetical protein, a putative membrane protein and a putative ribosome-associated heat shock protein, and cg3307 (ssb), encoding a single-stranded DNA binding protein. No EsrR binding sites can be found upstream of these transcriptional units and purified EsrR did not bind to the respective upstream regions in an EMSA experiment. Based on these findings, it is very likely that upregulation of these genes is caused by an indirect effect, the nature of which is unknown so far.
The gene that shows the highest factor of upregulation upon EsrR overproduction (55-fold), EsrI deletion (57-fold) or bacitracin treatment (10-fold) is cg1325, which codes for a short (71 amino acids) membrane protein that, strikingly, like EsrI and EsrS, possesses a PspC domain. The respective cg1325 gene product has been annotated as a putative stress-responsive transcriptional regulator, but so far the actual function of Cg1325 is not known. Interestingly, similar small PspC domain-containing integral membrane proteins, that likewise are annotated as putative stressresponsive regulators, were reported to be upregulated by LiaFSR in Streptococcus pneumoniae (spr0810; Eldholm et al., 2010) and Streptococcus mutans (SMu 753; Suntharalingam et al., 2009) and by CesSR in Lactococcus lactis (Llmg2163; Martinez et al., 2007) . For the Yersinia enterocolitica PspB and PspC proteins it has been shown that, besides being involved in the regulation of the phage shock response, they also have a dedicated role as effector proteins that can prevent the profound defects in the cytoplasmic membrane permeability barrier that are induced by secretin production (Maxson and Darwin, 2006; Horstmann and Darwin, 2012) . Therefore, the actual function of the cg1325 gene product might not be that of a transcriptional regulator, but rather those of an effector molecule that counteracts certain membrane damaging conditions. However, so far we could not detect any A. Phylogenetic tree of the kingdom Bacteria showing the distribution of the EsrISR three-component system. In this tree are represented the 119 organisms whose genomes compose the Prokaryotic Reference Genomes collection of the National Center for Biotechnology Information, along with the 227 additional organisms in which the EsrISR three-component system has been identified. The first ring identifies by a color code defined on the upper right side of the panel, the bacterial phylum to which each organism belongs. The second and third ring indicate the presence or absence of the esrSR and esrI homologs together with their conserved genomic context. The color code goes as follows: in black are represented the cases in which all esrSR and esrI genes are present together with a short membrane protein of unknown function as shown in panel B; in red are highlighted the cases in which a putative serine/threonine kinase is encoded between esrSR and esrI as shown in panel B; in dark gray are highlighted those cases in which the conserved genomic context is limited to the three genes of the Esr system; the lightest shade of gray represents those cases in which esrSR and/or esrI homologs were not identified, while the middle shade of gray indicates the cases in which the gene organization could not be determined due to incomplete contig assembly or that show aberrant gene organizations. The outermost ring indicates in black the taxonomical orders of the phylum Actinobacteria and in gray the super groups of Gram-negative and low GC Gram-positive bacteria. B. Genomic context conservation of the esrISR and neighboring genes. The arrow with a wide downward diagonal pattern represents a gene encoding a small membrane protein of unknown function; the arrow filled with a red vertical pattern represents a gene encoding a putative serine/threonine protein kinase. The numbers of organisms showing the respective genomic arrangements are indicated in parentheses.
phenotypic differences between a C. glutamicum Dcg1325 mutant and the wild-type strain, also under conditions which require the induction of the EsrISR regulon, such as growth on bacitracin-containing agar plates (shown in Supporting Information Fig. S4 ).
Clearly, further work is required to elucidate the function of the cg1325 gene product.
Further target genes directly regulated by the EsrISR system are the dnaK-grpE-dnaJ-hspR and clpB-cg3078-cg3077 operons. The corresponding proteins are involved Fig. 7 . Regulon of the EsrISR three-component system. The upper part of the figure shows a possible, although so far completely hypothetical model for the stress-sensing and transduction mechanism of EsrISR. According to this model, EsrI acts as an inhibitor of the sensor kinase EsrS in the absence of a stimulus. Cell envelope stress results in the relieve of EsrS inhibition and in the phosphorylation of the cognate response regulator EsrR. Genes shown in green are activated and genes shown in red are repressed. Genes highlighted in yellow showed increased mRNA levels upon EsrR overproduction in an esrSR deletion mutant and also in an esrI deletion mutant, despite the absence of a recognizable EsrR binding motif and the finding that EsrR did not bind to the corresponding upstream regions.
in the suppression of aggregation, disaggregation and refolding of damaged proteins under different stress conditions (Zolkiewski, 1999) . Both transcriptional units are also part of the classical heat shock response of C. glutamicum, which is regulated by the extracytoplasmicfunction sigma factor SigH and the transcriptional regulators HspR and HrcA (Ehira et al., 2009) , indicating that a complex network comprising different regulatory systems exists for these two transcriptional units which triggers their induction under different stress conditions. Similarly, a heat shock operon (hrcA-grpE) was also found among the targets of the LiaFSR cell envelope stress system in S. pneumoniae (Eldholm et al., 2010) .
Compared to C. glutamicum wild-type, an esrSR deletion mutant showed significantly reduced growth on bacitracin-containing agar plates, indicating that the function of at least one of the EsrSR-regulated target genes is required for alleviating the toxic effect exerted by the antibiotic. A similar situation has been described for S. aureus (Kuroda et al., 2003) and L. lactis (Martinez et al., 2007) that both possess a type II LiaSR system. Also in these cases, deletion of the genes encoding the twocomponent system resulted in an increased susceptibility towards bacitracin. In addition, also for the B. subtilis type I LiaSR system it has recently been shown that its target proteins LiaIH are directly involved in the protection against the cell envelope damaging effects of antimicrobial peptides such as bacitracin or vancomycin respectively (Radeck et al., 2016) . In contrast, deletion of the genes encoding the type I LiaSR in S. pneumoniae (Eldholm et al., 2010) did not alter the sensitivity of this microorganism towards bacitracin. Since a direct involvement of two ABC transporters in bacitracin resistance has previously been reported for S. coelicolor (Hesketh et al., 2011) , the most likely candidates among the EsrSRresponsive target genes that directly contribute to bacitracin resistance in C. glutamicum are the two transcriptional units cg2812-cg2811 and cg3322-cg3320 which encode putative ABC transport systems. Whereas deletion of cg2812-cg2811 had no effect on bacitracin resistance of C. glutamicum, the deletion of cg3322-cg3320 significantly reduced growth of the corresponding cells in the presence of bacitracin, clearly showing a participation of the latter ABC transport system in bacitracin resistance. However, because an esrSR deletion mutant showed a more severe growth defect on bacitracin-containing plates than the cg3322-cg3320 deletion strain (shown in Supporting Information Fig. S5 ), at least one additional factor whose gene is upregulated by EsrSR in the presence of bacitracin must be required for full manifestation of bacitracin resistance in C. glutamicum. Since a double mutant missing the genes for both ABC transporter systems (i.e., C. glutamicum Dcg3322-3320/2812-2811) shows a growth defect on bacitracin-containing agar plates that is similar to the growth defect of the Dcg3322-3320 single mutant (shown in Supporting Information Fig.  S5 ), the additional EsrR-regulated factor is unlikely to be the ABC transport system encoded by cg2812-2811. This is in contrast to the situation found in S. coelicolor where two ABC transporters contributed to bacitracin resistance in an additive manner (Hesketh et al., 2011) .
C. glutamicum possesses two genes encoding a member of the IM30/PspA protein family. We found that one of respective genes (cg3264 or rsmP; Fiuza et al., 2010) is in fact a target gene of the EsrSR system. The corresponding RsmP protein forms filamentous structures in vitro and in vivo and has been shown to be an essential cytoskeletal element which is required for maintaining the rod-shaped morphology of C. glutamicum (Fiuza et al., 2010) . Therefore, despite the presence of a PspA domain, RsmP does not belong to the 'classical' PspA proteins which form oligomeric ring structures in vitro (Hankamer et al., 2004; Wolf et al., 2010) and whose supposed function is the protection of the cytoplasmic membrane from proton leakage (Darwin, 2005; Thurotte et al., 2017) . Instead, the latter role might be fulfilled by the cg2151-encoded second member of the PspA protein family present in C. glutamicum. However, contrary to the original suggestion made by Huang et al. (2015) , our results clearly demonstrate that the cg2151 gene is not directly regulated by the EsrISR system, despite the presence of a PspC domain in the EsrS sensor kinase and the EsrI inhibitor respectively. This notion is supported by several lines of evidence: (1) no upregulation of cg2151 was observed upon EsrR overproduction in an esrSR deletion mutant, (2) no upregulation of cg2151 was observed in an esrI deletion mutant, (3) no EsrR binding motif can be identified upstream of cg2151, and (4) EsrR did not bind to the cg2151 upstream region in an EMSA experiment (Fig. 2) . If Cg2151 is indeed the C. glutamicum counterpart of the classical PspA proteins with respect to their membrane-protecting function, then the classical phage shock response (i.e., the upregulation of the cg2151-encoded PspA protein under conditions that impair the integrity of the cytoplasmic membrane) must be regulated in C. glutamicum by a different, EsrSRindependent mechanism. Recently, the regulation of a gene (rv2774c) that is homologus to cg2151 was described for the Actinobacterium Mycobacterium tuberculosis (Datta et al., 2015) . In this organism, the pspA gene (rv2744c) is located in a four-gene module containing clgR, pspA, rv2743c and rv2742c which is regulated by the transcription factor ClgR, whereby the clgR gene itself is regulated by the MprAB-r E envelopestress-signaling system (Datta et al., 2015) . Strikingly, cg2151 is located immediately downstream and cotranscribed with the clgR gene also in C. glutamicum C. glutamicum cell envelope stress response 735 (Pfeifer-Sancar et al., 2013) which, although not addressed experimentally so far, might point towards similar regulation mechanisms of these corresponding Psp-like responses in these two members of the Actinobacteria. However, a recent report indicates that the mycobacterial PspA protein encoded by rv2744c in fact seems to play at least an additional role in the regulation of lipid droplet homeostasis (Armstrong et al., 2016) , leaving it an open question whether the rv2744c and cg2151-encoded PspA-like proteins also perform the functions of classical PspA proteins or not. Taken together, the results of our present study show that the EsrISR system represents a novel type of stress-responsive system whose components are highly conserved in a great number of Actinobacteria. Similar to type II LiaFSR systems of the Firmicutes, EsrISR orchestrates a broad and diverse cellular response under conditions that threaten the integrity of the C. glutamicum cell envelope (Fig. 7, lower part) . Since most EsrISR-regulated target genes encode hypothetical proteins of unknown functions, there is still a long way to go before we fully understand all aspects of the C. glutamicum cell envelope stress response.
Experimental procedures
Bacterial strains, media and growth conditions
The bacterial strains used in this study are listed in Table 1 . E. coli strains were grown at 378C in LB (lysogeny broth) medium (Bertani, 1951) . C. glutamicum strains were grown at 308C in brain heart infusion medium (BHI, Difco Laboratories), BHIS medium (BHI medium containing 0.5 M sorbitol), or CGXII medium containing 4% (w/v) glucose (Eggeling and Reyes, 2005) , as indicated. If required, isopropyl-b-Dthiogalactopyranoside (IPTG) was added at 1 mM concentration. Antibiotic supplements were at the following concentrations: kanamycin 25 mg ml 21 (C. glutamicum) and 50 mg ml 21 (E. coli), spectinomycin 250 mg ml 21 (C. glutamicum) and 100 mg ml 21 (E. coli) respectively.
Plasmid constructions
The plasmids used in this study are listed in Table 1 . Oligonucleotides and primers used are listed in Supporting Information Table S1 . All DNA manipulations followed standard procedures (Sambrook et al., 2001) . All newly constructed plasmids were verified by DNA sequencing. To allow plasmid-based overproduction of EsrR in C. glutamicum, the esrR gene was amplified by PCR using chromosomal DNA of C. glutamicum ATCC13032 as a template and primers cgtR7_PstI_RBS_fw and cgtR7_HindIII_rv. The resulting PCR fragment was digested with PstI and HindIII and ligated into PstI/HindIII-digested pEKEx3 (Hoffelder et al., 2010) , resulting in pEKEx3-esrR.
For the overproduction and purification of EsrR, the esrR gene was amplified by PCR using chromosomal DNA of C. glutamicum ATCC13032 as template and primers cgtR7_NdeI_fw and cgtR7_HindIII_rv. The resulting PCR fragment was digested with NdeI and HindIII and ligated into NdeI/HindIII-digested pET-28b (Novagen), resulting in pET-28-NHis 6 -EsrR. The EsrR protein encoded by this plasmid contains 20 additional amino acid residues at its amino terminal end including a hexahistidine tag and a thrombin cleavage site.
To allow plasmid-based expression of EsrI in C. glutamicum, the esrI gene was amplified by PCR using chromosomal DNA of C. glutamicum ATCC13032 as template and primers esrI_RBS_PstI-fw and esrI_SacI_rev. The resulting PCR fragment was digested with PstI and SacI and ligated into PstI/SacI-digested pEKEx2 (Eikmanns et al., 1991) , resulting in pEKEx2-esrI.
To allow complementation of an esrSR deletion mutant, the esrSR genes were amplified by PCR using chromosomal DNA of C. glutamicum ATCC13032 as template and primers esrSR_SbfI_RBS_fw and esrSR_BamHI_rev. The resulting PCR fragment was digested with SbfI and BamHI and ligated into SbfI/BamHI-digested pEKEx2, resulting into pEKEx2-esrSR.
Strain constructions
The construction of the C. glutamicum ATCC13032 DesrSR (formerly DcgtSR7) mutant has been described previously (Kocan et al., 2006) . A deletion of esrI in C. glutamicum ATCC13032 was constructed by generating two DNA fragments containing approximately 500 bp of upstream and downstream sequences of the esrI gene by PCR using chromosomal DNA of C. glutamicum ATCC13032 as template together with primers DesrI-1 and DesrI-2 or primers DesrI-3 and DesrI-4 respectively. Both PCR products were purified and used as a template in a cross-over PCR reaction using primers DesrI-1 and DesrI-4 to generate a fused DNA fragment that contained the up-and downstream sequences of esrI, but lacks the esrI structural gene. The corresponding PCR fragment was digested with PstI and XbaI and ligated into PstI/ XbaI-digested pK19mobsacB, which carries the counterselectable marker sacB (Sch€ afer et al., 1994) , yielding pK19mob-sacBDesrI. For deletion of the chromosomal esrI gene, pK19mobsacBDesrI was introduced into C. glutamicum ATCC13032 by electroporation (van der Rest et al., 1999) . Cells that had integrated the plasmid into the chromosome via homologous recombination were selected on plates containing kanamycin. A second homologous recombination event leading to the loss of the sacB gene (via excision of the integrated plasmid) was positively selected on BHIS agar plates containing 10% sucrose. Colonies were analyzed for the presence or absence of the esrI gene by colony PCR using primers DesrIout-fw and DesrI-out-rev. One of the isolates that contained the desired chromosomal deletion of the esrI structural gene was designated C. glutamicum ATCC13032DesrI. C. glutamicum ATCC1302Dcg3322-cg3321-cg3320 and C. glutamicum ATCC13032Dcg2812-2811 were constructed by the same procedure, using primers Delta3322-1, Delta3322-2, Delta3320-3, Delta3320-4 or Delta2812-1, Delta2812-2, Delta2811-3, Delta2811-4 respectively, for the generation of the cross-over PCR fragments that subsequently were ligated into pK19mobsacB. The C. glutamicum ATCC13032Dcg3322-cg3321-cg3320Dcg2812-cg2811 double mutant was constructed by deleting the cg3322-cg3321-cg3320 and cg2812-cg2811 operons in a step-wise manner.
For the chromosomal integration of promoter-lacZ fusions, the integration vector pK18mobsacB NCR1/NCR2 (Blombach et al., 2009) was used. This vector contains two 800 bp flanking regions for chromosomal integration of target genes in the non-coding intergenic region between the genes cg1121 and cg1122. The lacZ gene was amplified by PCR using chromosomal DNA of E. coli MG1655 (Blattner et al., 1997) as template and primers lacZ-RBS-B, introducing a ribosome binding site in front of the start codon and lacZ-XhoI-rev. The resulting PCR fragment was used as a template in a second PCR using primers lacZ-MCS-stop-RBS, introducing a multiple cloning site (MunI, BamHI, XbaI) and a stop codon in all three reading frames upstream of the ribosomal binding site, and lacZ-XhoI-rev. The resulting PCR fragment was digested with MunI and XhoI and ligated into the MunI/XhoI-digested vector pK18mobsacB NCR1/NCR2, yielding the lacZ integration plasmid pK18-lacZ. For the construction of transcriptional promoter-lacZ fusions, approximately 300 bp upstream and 100 bp downstream of the predicted start codons of esrS (primers esrS-P-fw and esrS-P-rev), esrI (primers esrI-P-fw and esrI-P-rev), and cg1325 (primers cg1325-P-fw and cg1325-P-rev) were amplified by PCR using chromosomal DNA of C. glutamicum ATCC13032 as template. The resulting PCR fragments were digested with BamHI and XbaI and cloned into BamHI/XbaI-digested pK18-lacZ, resulting in plasmids pK18-lacZ-esrS-P, pK18-lacZ-esrI-P, and pK18-lacZ-cg1325-P respectively. Integration of the respective promoter-lacZ fusions into the cg1121-cg1122 intergenic region of the genomes of various C. glutamicum strains was done via the same two-step homologous recombination procedure that has been described above for the construction of the esrI deletion mutant. The correct integration of the promoter-lacZ fusions in the cg1121-cg1122 intergenic region was verified by colony PCR using the respective chromosomal DNAs as template and primers LacZ-Int-contfw and Int-cg1122 rev respectively.
Overproduction and purification of EsrR E. coli BL21(DE3) containing pET28b-NHis 6 -EsrR was grown in 250 ml LB medium at 378C to an OD 600 of 0.3-0.7 before 1 mM IPTG was added to the culture medium. After cultivation for another 4 h at 208C, the cells were harvested by centrifugation and the cell pellet was stored at 2208C. For cell extract preparation, the cells were thawed and resuspended in 4 ml of TNIG5 (20 mM TrisHCl, 300 mM NaCl, 5 mM imidazole, 5% (v/v) glycerol, pH 7.9) that was supplemented with the Complete Protease Inhibitor Cocktail (Roche) and subsequently the cells were disrupted by sonication. Remaining intact cells and cell debris were removed by centrifugation (10 min at 18,320 3 g and 48C), and the corresponding supernatant was then subjected to ultracentrifugation (1 h at 229,600 3 g and 48C). The His-tagged EsrR protein, which is present in the supernatant of the ultracentrifugation step, was purified by immobilized-metal affinity chromatography using Ni-NTAAgarose (Qiagen). After the column was washed with 10 bed volumes of TNIG20 buffer and 6 bed volumes of TNIG50 buffer (the same as TNIG5 but containing 20 and 50 mM imidazole respectively), the EsrR protein was eluted with TNIG200 buffer (containing 200 mM imidazole). Fractions containing EsrR were pooled, and the elution buffer was exchanged for BS buffer (50 mM Tris-HCl, 50 mM KCl, 10 mM MgCl2, 0.5 mM EDTA, 10% [v/v] glycerol, pH 7.5) by gel filtration using PD-10 columns (Amersham Biosciences). Protein concentrations were determined by UV measurement at 280 nm with the Nanodrop ND-1000 device (Peqlab Biotechnology GmbH) and calculated using the extinction coefficient 9.97*1000 and a molecular weight of 26.57 kDa, whereby both parameters were determined with the program Protparam on the ExPASy server (Gasteiger et al., 2003) . Finally, the purity of the protein preparations was assessed by SDS-PAGE.
Electrophoretic mobility shift assays
Prior to testing the binding of EsrR to the putative target promoters, the purified EsrR protein was phosphorylated in 50 mM acetylphosphate or, as a negative control, incubated in 50 mM potassium phosphate in BS buffer for 1 h at 308C. For the binding, phosphorylated EsrR in 0-to 100-fold molar excess (0-22.1 mM) was mixed with 35 ng of the 26-28 bp DNA fragments, or 70 ng of the 377 to 382 bp DNA fragments (final concentration 20 to 221 nM) in a total volume of 10 ml. Both EsrR and the DNA fragments were dissolved in BS buffer, and for the binding reaction Triton X100 was added to a final concentration of 0.005% (v/v). The reaction mixture was incubated at 208C for 30 min and then loaded onto a 10% native polyacrylamide gel. Electrophoresis was performed at 48C and 170 V using cooled TBE (89 mM Tris base, 89 mM boric acid, 2 mM Na 2 EDTA) as the electrophoresis buffer. The gels were subsequently stained with ethidium bromide to visualize the positions of the corresponding DNA fragments. The DNA fragments used in this assay were generated either by PCR and purified with a PCR purification kit (Qiagen) or by annealing two complementary oligonucleotides by incubating them in an equimolar ratio for 5 min at 958C, followed by 10 min at 58C below their respective annealing temperatures.
Global gene expression analysis
For the transcriptome analyses, pre-cultures of the respective C. glutamicum strains grown to an OD 600 of 5-6 were used to inoculate the main cultures to an OD 600 of 0.5 which subsequently were grown to the mid-exponential phase. For the comparison of the esrSR deletion mutant expressing EsrR from plasmid with the wild-type strain carrying the corresponding empty vector, BHIS medium was used and 1 mM IPTG was added at this stage. The cultures were harvested after an additional hour at 308C. For the analysis of the bacitracin influence, the main culture was split into two cultures and bacitracin was added to a final concentration of 1 mg ml 21 to one of the cultures. The cells were harvested 30 min after bacitracin addition. For C. glutamicum cell envelope stress response 737 the comparison of the wild-type strain and the esrI (cg0706) deletion mutant, the main cultures were used to inoculate second main cultures to an optical density of 0.5 and the cells were harvested when the cultures had reached an OD 600 of 5. For the latter two experiments, CGXII medium with 4% glucose was used.
At the time point of the harvest, the cultures were poured into ice-containing tubes precooled to 2208C. The cells were then harvested by centrifugation (3 min, 4200 3 g, 48C) and the cell pellets were quickly frozen in liquid nitrogen and stored at 2808C until use for RNA isolation and synthesis of fluorescently labeled cDNA as described elsewhere (M€ oker et al., 2004) . All DNA microarray analyses were performed with custom-made DNA microarrays based on 70-mer oligonucleotides obtained from Operon Biotechnologies. The comparisons were performed in three independent biological replicates. The experimental details for handling of these microarrays were described elsewhere (Brocker et al., 2009) . We defined the experimental data as significant if the mean value of the mRNA levels from the three biological replicates showed an at least twofold change and a p-value 0.05. Processed and normalized data as well as experimental details were stored in an inhouse microarray database (Polen and Wendisch, 2004) for further analysis. The DNA microarray results have also been uploaded to the GEO database and are available under series entry GSE97961.
Bioinformatics analysis
Querying the Pfam database (Finn et al., 2016) for proteins with the relevant domain architectures allowed the retrieval of all so far identified EsrS and EsrI protein sequences. For EsrS the relevant domain architectures were: PspC, HATPase_c_2 (143 sequences); PspC, HATPase_c (37 sequences); PspC, HisKA_3, HATPase_c_2 (3 sequences); PspC, HisKA_3, HATPase_c (3 sequences) and PspC, HisKA_3 (2 sequences). For EsrI the relevant domain architecture was PspC, DUF2154 (135 sequences). Co-occurrence of both EsrS and EsrI encoding genes was determined and three groups of genomes were generated: genomes with both esrS and esrI homologs (88 genomes), genomes with only esrS homologs (99 genomes) and genomes with only esrI homologs (47 genomes). Genome sequences were downloaded from the National Center for Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/genome/) and manually inspected for the presence of the missing esrS or esrI homologs in the vicinity of esrI or esrS respectively. In the vast majority of cases the missing homologs were found. The only exception were incomplete contig assemblies that caused a break in the esrISR nucleotide sequence available for analysis.
Multiple sequence alignments were generated with Clustal W (Larkin et al., 2007) as implemented in CLC Main Workbench (Qiagen Aarhus A/S) to confirm sequence homology and further investigate the Pfam domains. This analysis revealed that the initially missing homologs were not identified due to sequence diversifications in one of the relevant domains, thereby failing to generate a hit above the threshold of the corresponding Hidden Markov Models.
A phylogenetic tree containing the 119 genomes that compose the Prokaryotic Reference Genomes collection of the NCBI (https://www.ncbi.nlm.nih.gov/genome/browse/reference/) and the 227 additional organisms in which the EsrISR three-component system has been identified was generated using the Common Tree tool of the NCBI Taxonomy database (https://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/ wwwcmt.cgi). The resulting tree was imported into the CLC Main Workbench (Qiagen Aarhus A/S) and the relevant metadata layers were subsequently added (Fig. 6A) . The taxonomical information about each organism was retrieved from NCBI's Taxonomy database. The presence or absence of esrISR homologs together with their genomic context was retrieved by manual inspection of the genomic sequences as explained above.
Miscellaneous procedures
The disk diffusion assay for testing putative inducing agents of esrS, esrI and cg1325 gene expression was basically done as described by Cao et al. (2002) . C. glutamicum strains were grown in BHI medium to an OD 600 of 2. 20 ml of the respective cultures were mixed with 3 ml of 0.7% BHI soft agar containing 200 mg ml 21 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-gal) and poured onto BHI agar plates. After cooling and drying, filter paper disks (6 mm diameter) soaked with 5 ml of stock solutions of the various test substances were placed on top of the agar plates. Except for chloramphenicol (7.5 mg ml 21 ), kanamycin (25 mg ml
21
) and tetracycline (10 mg ml 21 ), the stock solutions for all other antibiotics were at 100 mg ml 21 concentrations. The stock solution for the tested detergents were at 10 mg ml 21 concentrations and those for ethambutol at 500 mg ml 21 respectively. The plates were incubated overnight at 308C and, after 18-36 h, the plates were inspected for the appearance of blue rings at or near the edge of the zones of growth inhibition caused by the diffusion of the test substances from the filter disks.
For quantitative b-galactosidase activity assays, C. glutamicum cells were grown in BHI medium at 308C with aeration to an OD 600 of 2. The cultures were split into two subcultures and bacitracin or vancomycin were added to final concentrations of 1 mg ml 21 and 5 mg ml 21 respectively, to one of the two subcultures, whereas the other subculture was left untreated (uninduced control). After incubation for another 30 min at 308C with aeration, 1 ml of each subculture was harvested and the cells were pelleted by centrifugation. The pellets were resuspended in 1 ml buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 , 10 mM DTT) and the cells were disrupted using a bead mill for 10 min. After removal of the cell debris by centrifugation, the b-galactosidase activity in the corresponding supernatants was determined and normalized to the respective cell densities as described by Miller (1972) .
For the serial dilution spot tests, 5 ml of BHI medium were inoculated with 500 ml of the respective C. glutamicum overnight cultures and the cells were grown for 3 h at 308C with aeration. Next, the OD600 was determined and the optical densities of all cultures were adjusted by adding BHI medium to an OD600 of 0.5. Subsequently, 5 ml of dilutions (108 to 10 25 ) of the cultures were spotted onto BHI agar plates that contained 1 mM ZnSO 4 and 0.1 mg ml 21 bacitracin or 0.1 to 0.4 mg ml 21 vancomycin respectively, and incubated overnight at 308C.
